Abstract While it is known that islet cell mass increases considerably after birth, general uncertainty surrounds the source of new beta cells in humans. Chronic pancreatitis (CP) presents a natural injury model for studying postnatal beta-cell regeneration in the human pancreas. In this report, we present histological evidence from human CP pancreases to support the theory that islet neogenesis can occur from ductal precursor cells after birth. Three young patients (ages 16, 12, and 28 years) underwent total pancreatectomy for the management of CP followed by islet isolation and autologous transplantation to prevent or minimize postsurgical diabetes. In all cases, the pancreases had extensive fibrosis, a rock-like consistency, and calcifications in the ducts. During islet isolations, we observed the unusual release of islets with many ductal fragments. In histopathological evaluation of these pancreases, solid cords of cells sometimes formed islet like structures intraductally or extending from ductal structures. Immunofluorescence staining for chromogranin, insulin, proinsulin, PDX1, glucagon, and cytokeratins confirmed these structures to be composed of chromogranin-positive endocrine cells which included both b-cells and a-cells. Labeling for Ki67 to demonstrate mitotic activity showed frequent labeling of duct epithelial cells and of some periductal cells. Using insulin and wide-spectrum cytokeratin double immunofluorescent labeling, we found insulin-positive cells to be present within the ductal lumens, among the cytokeratin-positive ductal epithelium, and extending from the ductal epithelium into surrounding connective tissues, providing evidence for a ductal origin of islet neogenesis.
Introduction
Islet autotransplantation (IAT) has emerged as an effective treatment for reducing and eliminating the risk of surgical diabetes in patients undergoing total pancreatectomy (TP) for the relief of intractable pain associated with chronic pancreatitis (CP) [1] . Chronic pancreatitis is a progressive and destructive inflammatory process of multifactorial etiology that leads to irreversible obliteration of pancreatic tissue [2] . Parenchymal destruction, ductal changes and dilatation, and other injury induce genomic changes and increase cell turnover [3] . In addition, signaling mechanisms that play a role in the development of the embryonic pancreas are reactivated, and initiate repair and regeneration [4, 5] . Many animal studies have investigated the potential of pancreatic regeneration to restore functional beta-cell mass after injury [6] [7] [8] . In humans, CP is characterized by many of the same damaging effects used in early injury-response studies in rodents, and presents a natural injury model for the study of human islet regeneration and its application to novel diabetes therapies. Islet neogenesis, seen as budding of hormone-positive cells from the ductal epithelium [9] , is postulated to be one mechanism for normal islet growth and regeneration after birth, and has suggested the presence of pancreatic stem cells [10] . However, whether islet neogenesis from ductal precursors truly occurs in the human pancreas is debated among investigators [11] .
In our laboratory, during clinical islet isolations from the pancreases of patients with CP, we have sometimes observed unusual cell release patterns, specifically numerous ductal cells with islet and acinar cells. Interestingly, we observed these findings in severely fibrotic and inflamed pancreases from young patients. These observations prompted further histological and immunofluorescence investigation of the pancreases of three young patients with CP which ultimately showed strong evidence of ductal islet neogenesis. In this report, we describe the isolation and histological characteristics of these three cases.
Case reports
Patients with CP underwent TP and subsequent IAT (TP-IAT) at the University of Minnesota Medical Center. The diagnosis of CP was based on the results of the patient's medical history and imaging studies of the pancreas. For all patients, the indication for TP was intractable pain. Three cases, unique in age of CP onset and isolation characteristics, were selected for histological study. All patients (or parents) gave written informed consent to participation in a prospective follow-up study cohort, including specific permission to evaluate pancreatic histopathology. Biopsy samples were obtained from the pancreases before the isolation procedure. The isolation procedure and histopathologic evaluation of biopsy specimens were similar for all cases and are described below.
Isolation procedure
All islet isolations were performed at the University of Minnesota Molecular and Cellular Therapeutics GMP facility in compliance with federal regulations. Tissue dissociation was performed by injecting cold dissociation enzymes, collagenase, and neutral protease (SERVA Electrophoresis GmbH, Heidelberg, Germany), through the main pancreatic duct (MPD) using a pressure-controlled pump system. The pancreas was then digested using a modification of Ricordi's semi-automated method described elsewhere [12] . The switch from the digestion phase to the dilution phase occurred when most of the islets were free from exocrine tissue. When calcification deposits were observed, the particles were allowed to sediment to the bottom of the collection conicals where they would be quickly aspirated out with a pipette while the islets were agitated and suspended in the media. This was repeated and finished with a final washing of the sediment in a 50-mL conical with 40 mL of media to rescue any lost islets originally aspirated with the calcium deposits. The islet yield and purity were assessed by counting duplicate aliquots stained with diphenylthiocarbazone (Sigma, St. Louis, MO). The liberated islets were then suspended in Connaught Medical Research Laboratories-1066 medium (Mediatech, Inc, Manassas, VA) supplemented with 25 mM HEPES, antibiotics, and 2.5% human serum albumin (American Red Cross, Washington, DC). The islets were collected in a transplant bag for delivery to the operating room [13] .
Histopathologic evaluation
Pancreatic biopsy samples were fixed in 10% formalin, embedded in paraffin by routine methods, and stained with hematoxylin and eosin, Alcian blue, and Masson's trichrome stains.
Immunohistochemistry
For insulin, glucagon, and chromograinin staining, 4-lm sections were cut, deparaffinized, and rehydrated, followed by incubation with 3% hydrogen peroxide to quench endogenous peroxidase activity. Sections were then incubated with the primary antibody (guinea pig anti-swine insulin, cat. #A0564, Dako, Carpinteria, CA; rabbit antihuman glucagon, cat. #NB120-1846 Novus Biologicals, Littleton, CO; mouse monoclonal antibody to Ki67 MiB-1, cat. #M7240, Dako). Antigen detection was done with antirabbit polymer or anti-mouse polymer (EnVision, Dako), and color visualization was done using DAB (Dako).
Immunofluorescence Double immunofluorescence staining for insulin/cytokeratins or insulin/PDX1 was done on formalin-fixed, paraffin-embedded sections cut at 4 lm thickness. For insulin labeling, sections were first deparaffinized, rehydrated, and incubated with guinea pig anti-swine insulin (Dako) for 60 min. Next, sections were incubated in the dark with FITC-conjugated, goat anti-guinea pig immunoglobulin for 60 min. Sections were next incubated with antibodies to either wide-spectrum cytokeratin (Rabbit anti-cytokeratin, cat. #Z0622, Dako), or PDX1 (cat. # BAF2419, R&D systems), followed by incubation in the dark with Streptavidin-AlexaFluor-594 for 60 min. Finally, nuclear staining was done using TOPRO-3 (Molecular Probes, Eugene, OR). Labeled sections were examined with a Biorad laser confocal microscope.
Case 1
A 16-year-old girl underwent TP for the management of idiopathic CP. The patient's medical history before TP was remarkable for onset of disease at 5 years of age, history of a failed Puestow procedure, numerous hospitalizations, and progression to daily narcotic dependence (methadone and fentanyl patch). The resected pancreas was small, with a trimmed pancreas weight of 59 grams. The organ was noted to be extensively fibrotic with a rock-like consistency, and had low surface fat and visible calcifications with intraductal stones. On arrival to the laboratory, the pancreas was trimmed and split into two sections, head (35 g) and body/tail (24 g). Biopsy samples were taken from the cannulated region of the pancreas and fixed in 10% formalin.
Tissue dissociation was performed by injecting cold dissociation enzymes through the MPD using a pressurecontrolled pump system. While the head was cannulated with a 16-gauge catheter, the MPD was completely obstructed by intraductal stones in the body/tail section and required interstitial enzyme perfusion (parenchymal injection). Due to the firmness of the organ, however, interstitial distention was not effective in delivering the desired volume of enzyme, and thus, the body/tail was sectioned into 22 small pieces to increase exposure to the enzyme in the digestion chamber.
Isolation results are summarized in Table 1 . A majority (60%) of the islets were embedded within acinar tissue. Undigested tissue weighing 35.5 g (60%) remained in the digest chamber. Only 4,130 total islet equivalents (IEQ) (70 IEQ/g pancreas) were isolated, a number insufficient to meet release criteria for transplant and so IAT was not performed. As expected, the patient required full insulin supplementation, with a basal insulin analog and rapidacting insulin analog postoperatively. She did report complete resolution of pain and was off narcotic medications at 3 months after pancreatectomy. A 12-year-old boy with autosomal dominant hereditary CP with symptom onset at age 6 years underwent TP-IAT for management of intractable pain and narcotic dependence. The excised pancreas weighed 107 grams. Similar to case #1, the pancreas was very hard with complete fibrotic infiltration. Several intraductal stones up to 3 mm in diameter were found in the head section. Two large metal catheters were used to cannulate the two sections of the pancreas due to the presence of a dilated main pancreatic duct (Fig. 2) . During enzyme perfusion (described in case 1), it was visually hard to monitor the extent of intraductal distention due to the rigidity of the pancreas tissue; however, perfusion of the enzyme and the distention was deemed good. The pancreas sections were cut into 30 small pieces to increase enzyme exposure during the digestion phase of isolation. The islet yield was 111,980 total IEQ (1,047 IEQ/g pancreas), with 41.5 g (39%) of pancreas remaining undigested.
Approximately 50% of the islets were embedded within acinar tissue with an overall preparation purity of 30%. The final islet preparation was transplanted. The patient discontinued insulin and narcotics approximately 6 weeks after surgery. He has remained pain-free and insulin independent, with euglycemia as evidenced by normal self-monitored blood sugars and hemoglobin A1c levels (5.3-6.0%, most recently 5.7% at 24 months post-IAT).
Case 3
A 28-year-old woman with acute relapsing pancreatitis diagnosed at age 18 years and progressing to idiopathic chronic pancreatitis underwent TP-IAT for management of pain and 4-year history of daily narcotic use. She had C-peptide-positive diabetes mellitus, with a preoperative hemoglobin A1c level of 6.9% and stimulated C-peptide level of 2.7 ng/mL, and thus underwent IAT to preserve beta-cell mass. Prior to surgery, she was on metformin and once daily glargine for management of her diabetes. The resected pancreas was small, 38.3 grams in weight, and similar to prior cases, was very hard and rock-like in firmness with severe fibrosis. Unique to this case, the pancreas was atrophic in appearance. Medium levels of blood and fat were observed in the pancreatic parenchyma, and calcifications were present throughout the tissue. A large metal catheter was used to cannulate the dilated duct in both sections of the pancreas and a partial distention was observed during enzyme perfusion. The pancreas was cut into 25 pieces to enhance the enzyme exposure during digestion in the Ricordi chamber.
Although the pancreas was nearly completely digested and 4 g (10% of the 39 g pancreas) remained, only 10,280 total IEQ or 265 IEQ/g pancreas were isolated. A majority of these islets were embedded (75%), and the final preparation was impure (10% purity). Nevertheless, the patient underwent the transplant. Postoperatively, the patient continued to require intermittent narcotic medications, and remained on insulin therapy (continuous subcutaneous insulin infusion by pump) with hemoglobin A1c levels of a b Fig. 1 a, Fig. 2 Chronic pancreatitis pancreas resected from male pediatric donor at age 12. Noted were severe fibrosis (white tissue color), rocklike texture, heavy blood infiltration, and medium level of parenchymal fat. Depicted is the pancreas split into head and body/tail sections with large metal catheters used during surgical cannulation to accommodate the dilated main pancreatic duct. Also, several calcification deposits (arrow) up to 3 mm in diameter were found intraductally in the head region 7.5-8.5% and minimal C-peptide production (0.1-0.3 ng/mL fasting and stimulated).
Histopathology of pancreas
In all 3 cases, the pancreas showed marked diffuse loss of exocrine acini with extensive fibrosis, and generally mild accumulations of lymphocytes and plasma cells scattered within areas of fibrosis. Remnant tissue in each pancreas consisted of small and medium ducts that were often found in association with solid cords of polyhedral cells forming islet-like structures characteristic of nesidioblastosis (Fig. 1a, b) . Cells in these clusters were diffusely positive for chromogranin-A, and the majority were insulin positive (b-cells) (Fig. 3) . Glucagon-positive cells (a-cells) were often observed near the periphery of the islet-like structures (not shown). Confocal microscopy evaluations of insulin/ wide-spectrum cytokeratin (wsCK) double immunofluorescent stains of pancreas from each case demonstrated islets located in close proximity to ducts as well as islets which were apparently within the lumens of ductal structures (Fig. 3) . In the latter instance, clusters of insulinpositive b-cells were present in the lumen and were surrounded by wsCK-positive duct epithelial cells (Fig. 3) .
Furthermore, many cells in the intraductal islets and among the duct epithelial cells were expressing both insulin and wsCK (Fig. 3) , suggesting a transition from wsCK-positive/insulin-negative cells to double positive cells. Further confocal microscopic analysis of the pancreas of each patient with proinsulin/PDX1 double-immunofluorescentlabeled sections demonstrated many typical b-cells which were positive for both proinsulin and PDX1 as well as cells in the islet-like structures that were proinsulin positive but lacked nuclear PDX1 labeling (Fig. 4) . In addition, in regions external to the islet-like structures there were many cells which were proinsulin negative but which showed nuclear PDX1 labeling. Immunohistochemical labeling for the marker for mitotic activity, Ki67, showed many labeled ductal epithelial cells as well as some labeling of periductal cells, consistent with mitotic activity associated with islet neogenesis (Fig. 5 ).
Discussion
While it is known that islet mass increases postnatally [14] , the source of new islets remains less certain. Pancreatic biopsies from these 3 young patients who underwent TPc d a b IAT for management of chronic pancreatitis provide unique evidence of islet neogenesis from pancreatic ductal progenitor cells. In these cases, islet-like structures staining positive for insulin and glucagon are observed arising from ductal cells and duct-like structures. Notably, these cases were unusual in the severity of CP at a young age, with extensive inflammation, fibrosis, and significant calcifications. Such severe injury may have stimulated islet neogenesis from ductal precursors [15, 16] . Based on these findings, we performed many histological screenings of other adult and pediatric CP pancreases and concluded that this type of phenomena is not common in most CP cases. Evidence for islet neogenesis in response to injury from severe CP has been previously observed. In pediatric patients with CP undergoing TP-IAT, nesidioblastosis was observed more frequently in those patients with severe fibrosis [16] . In our 3 cases, the texture of these pancreases was described as exceptionally hard, consistent with extensive fibrosis. Phillips et al. [17] reported similar findings in adult patients with CP. Although islet neogenesis initiated from progenitor cells present within the ducts has been reported in animal models [15] , the existence of such progenitor cells in the human pancreas has been debated. The present report sheds light on the occurrence of islet neogenesis in cases of pancreatic injury from CP, and in particular, provides evidence that pancreatic ductal precursors may be one important source of islet neogenesis.
The proliferative capacity of adult pancreatic islet cells is limited [8] ; however, the formation of new islets from ductal epithelium is achievable even in the adult pancreas, especially after injury to the organ. Historically, b-cell turnover in normal pancreases and an increase in b-cell mass in response to injury have been described by many investigators over the past century. Experimental models in rodents have shown strongly that b-cells can regenerate or expand after tissue injury [18] . When injury is induced, tissue remodeling occurs, characterized by acinoductal metaplasia of the exocrine tissue, an increase in mesenchyme, and hyperplasia of the endocrine cells as a result of islet neogenesis [19] . Understanding the mechanism of proliferation and how subsequent differentiation of putative precursor cells leads to islet neogenesis is important for the development of therapeutic interventions for type I diabetes [20] .
This report highlights the opportunity to further study islet neogenesis using tissue biopsies from patients undergoing TP-IAT procedures for the treatment of CP. These preliminary findings in 3 patients support pancreatic ductal a b d c Fig. 4 Confocal microscopy images of pancreas from 3 patients double immunolabeled for proinsulin (green) and PDX1 (red) and nuclear stained with To-Pro 3 (blue). a Atypical islet structures from case #1 showing proinsulin-containing cell which does not exhibit nuclear PDX1 labeling (arrowhead) and several cells which are negative for proinsulin but show nuclear PDX1 labeling (arrows). 
